The human genome is abundant with interspersed repetitive sequences originated from retrotransposons. Until now, three categories of retrotransposons have remained unequivocally active: LINE-1(L1), Alu, and SVA elements. The first one is autonomous-capable of self-propagation through RNA intermediates-and the latter two are nonautonomous and thus rely on L1 for mobilization. There are approximately 500,000 L1 copies in the human genome, composing 17% of human DNA.
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However, the majority of L1s have lost retrotransposition competency due to 5′ truncations, inverted rearrangements, or point mutations occurring during reverse transcription or subsequent chromosomal replication of the inserted element. It is estimated that the average human genome contains ~50-120 active L1s, with a highly active subset (~5-10% of active elements) termed hot L1s comprising the majority of this activity. 2 These active L1s utilize a ''copy-and-paste'' mechanism to insert themselves throughout the genome, with potentially disruptive effects on neighboring genes or regulatory sequences. In this way, active L1s keep reshaping the human genome and become a source of endogenous mutagenesis that causes individual genome variation and can participate in the pathogenesis of many genetic diseases, including cancer. [3] [4] [5] Cancer is a genetic disease resulting from accumulated genetic mutations, to which L1 can be one contributor. In this review, we discuss the putative multilayered functions of L1s in cancer and their potential for clinical implications, with a focus on recent advances.
STRUCTURE AND RETROTRANSPOSITION PROCESS OF L1
A retrotransposition-competent human L1 is ~6 kb in length and comprises a 5′ untranslated region (UTR), two open reading frames (ORF1 and ORF2), and a 3′ UTR ending with a poly(A) tail (Figure 1a) . 6 Its 5′ UTR harbors two internal promoters, one is sense 7 and the other is antisense 8 (Figure 1a) . The sense promoter binds RNA polymerase II and initiates L1 transcription from the 5′ end to 3′ end, whereas the antisense promoter can give rise to chimeric RNAs transcribed partially from L1 5′ UTR and partially from neighboring sequences (also called flanking sequences). [7] [8] [9] ORF1 encodes a 40 kDa protein (ORF1p) harboring a RNA recognition motif, whereas ORF2 encodes a 150 kDa protein (ORF2p) with endonuclease and reverse-transcriptase (RT) activities (Figure 1a) . After being transcribed into full-length mRNAs in the nucleus from the sense promoter, L1 mRNAs are transported to the cytoplasm, wherein they are Submitted Long interspersed nuclear element-1 (L1) retrotransposons are jumping genes that comprise 17% of human DNA. They utilize a ''copy-and-paste'' mechanism to propagate themselves throughout the genome via RNA intermediates, a process termed retrotransposition. L1s are active in the germ line and during embryogenesis, yet they are epigenetically suppressed in somatic cells. In cancer cells, however, L1s are aberrantly activated and may have a role in genome instability, one of the hallmarks of cancer pathogenesis. Their methylation states and retrotransposition activities are associated with and fluctuate during cancer initiation and progression, thus representing promising diagnostic biomarkers and therapeutic targets. During tumorigenesis, L1s exert both retrotransposition-dependent and retrotransposition-independent functions. The former may result in alterations in target gene expression or chromosomal rearrangement, or drive Alu and SVA, events that could function in tumorigenesis, whereas the latter can potentially exert epigenetic regulation by generating endo-siRNAs, forming chimeric L1 transcripts or changing the expression of adjacent genes by providing novel splicing sites or alternative promoters. Moreover, the L1 encoded proteins, ORF1p and ORF2p, may have pro-oncogenic potential by, for example, activating oncogenic transcriptional factors or sequestering oncosuppressors. Herein, we introduce the components and mechanisms of L1 retrotransposition, discuss the landscape, possible functions, and regulation of L1 activity in cancer, and seek their potential as diagnostic biomarkers and therapeutic targets. suppressed or degraded by small interfering RNAs (siRNAs) or piwi-interacting RNA (piRNA)-mediated mechanisms (discussed later), or translated into ORF1p and ORF2p. Both ORF1p and ORF2p preferentially bind their encoding RNA (a phenomenon called cis preference 10 ) and are indispensable for L1 mobilization (Figure 1b) . 6, 11 The resultant L1 ribonucleoprotein particles return to the nucleus where the L1 mRNA is reverse-transcribed into cDNA at the integration site via a poorly understood mechanism. This endonuclease-mediated process is termed target site-primed reverse-transcription (TPRT); 12 TPRT can also occur in an endonuclease-independent fashion, where L1s integrate into preexisting DNA lesions. 13 During TPRT, ORF2p endonuclease generates nicks in genomic DNA to expose 3′-OH ends, which serve as primers to synthesize L1 cDNAs by ORF2p RT (Figure 1b) . 11 Despite the cis preference of ORF1p and ORF2p for L1 mRNA, the L1 retrotransposition machinery can also reverse-transcribe other RNAs such as Alu RNAs [14] [15] [16] and SVA RNAs, 15, 16 as well as some protein-coding mRNAs, 17 thus inducing mutagenesis and contributing to human genome evolution and diversity.
As a result of the involvement of L1-induced mutagenesis in the pathogenesis of some kinds of diseases, including cancer, 4 ,5 eukaryotic cells have developed several mechanisms to counteract L1 mobilization. Among them are the aforementioned siRNAs or piRNA-mediated mechanisms (Figure 1b) . The bidirectional promoters within the L1 5′ UTR can give rise to sense and antisense RNAs that could bind with each other to form double-stranded RNAs (dsRNAs). These dsRNAs are subsequently sliced by Dicer, a ribonuclease, into smaller fragments termed endogenous (endo)-siRNAs. 18 The resultant endo-siRNAs can, in turn, degrade L1 mRNAs and suppress L1 retrotransposition by triggering the RNA interference mechanism, hence constituting a negative regulatory loop (Figure 1b) . 19 Like siRNA, piRNA can also exert a negative regulation on L1 retrotransposition. 20 piRNA is a kind of single-strand small noncoding RNA transcribed from genomic loci containing repetitive elements that binds to Piwi proteins to form a complex that suppresses L1 proliferation via RNA degradation, 21 DNA methylation, 22 or histone modification. 23 Apart from siRNA and piRNA, other defensive strategies , and a 3′ UTR ending with a poly(A) tail. Its 5′ UTR harbors two internal promoters: one is sense and the other is antisense. ORF1p, the protein encoded by ORF1, contains a RNA recognition motif, whereas ORF2p has endonuclease (EN) and reverse-transcriptase (RT) activities. (b) L1 mRNAs transcribed from the sense promoter (step 1) are transported to the cytoplasm (step 2), wherein they are suppressed or degraded by siRNAs or piRNA-mediated mechanisms, or translated into ORF1p and ORF2p (step 3), which bind to L1 mRNA to form ribonucleoprotein (RNP) (step 4). Then, the L1 RNP returns to the nucleus (step 5), wherein L1 mRNA is reverse-transcribed into cDNA (step 6) and integrated into new genomic loci (step 6) by an EN-mediated mechanism termed target site-primed reverse transcription (TPRT). During TPRT, ORF2p EN generates nicks in genomic DNA to expose 3′-OH ends that serve as primers to synthesize L1 cDNAs by ORF2p RT. ASP, antisense promoter; endo-siRNA, endogenous siRNA; L1, long interspersed nuclear element-1; piRNA, piwi-interacting RNA; siRNAs, small interfering RNAs; SP, sense promoter; UTR, untranslated region. Steps are numbered in small circles. Review against L1 mobilization include the RNA helicase MOV10 (which degrades L1 mRNAs or suppresses their translation) 24 and APOBEC3 family members (Figure 1b) . 25 Different members of the APOBEC3 family may inhibit L1 retrotransposition by different mechanisms. 26 For example, APOBEC3A inhibits L1 retrotransposition by mutating L1 cDNA during TPRT, 27 whereas APOBEC3C inhibits L1 retrotransposition by interaction with ORF1p.
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LANDSCAPE OF L1 RETROTRANSPOSITION IN CANCER
L1s are active in the germ line and during embryogenesis, 29 ,30 yet they are epigenetically suppressed in somatic cells. 22, 25 However, in line with L1 hypomethylation during tumorigenesis, [31] [32] [33] [34] L1s can be reactivated and may participate in the pathological processes of cancer initiation and progression. 3, 9, 35 In 1988, Morse et al. 36 reported a case of L1 insertion into c-myc gene in a breast cancer sample. In 1992, cancer-associated L1 mutagenesis was reported when somatic L1 insertion into the APC gene was found to cause gene disruption in a colon cancer sample.
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L1 activity differs among and within cancer types 32, 35 and fluctuates during cancer evolution. 32, 33, 37 In a study by Lee et al., 35 for example, somatic L1 insertions are more frequently found in colorectal cancer (CRC) than in prostate and ovarian cancers, whereas in multiple myeloma and glioblastoma, no somatic L1 insertions were detected. Among cancer tissues obtained from different CRC patients, the numbers of somatic L1 insertions range from 2 to 106, indicating the potential of the L1 retrotransposition profile as a signature for cancer subtyping. In African Americans with CRC, L1s were found to be progressively hypomethylated in the normal adenoma cancer sequence. 32 In CRC with liver metastasis, L1 methylation level is lower in metastasis versus primary CRC tissue. 38 These two examples indicate that L1 expression can change with tumor progression (also discussed below in "Functions of L1-Encoded Proteins in Cancer"). Target-site analysis revealed that somatic L1 insertions are biased away from transcriptional active regions 35 and toward regions such as intergenic or heterochromatic regions, 37 cancer-specific hypomethylation regions, 35 or genes frequently mutated in cancer, suggesting a possible oncogenic role of L1 insertions given that frequently mutated genes are candidate drivers of tumorigenesis. 39 The majority of inserted L1s are truncated rather than full-length, and thus lose the competency of further retrotransposition. 35 In rare cases, however, inserted L1s are full-length and capable of retrotransposing consecutively. 37 Many studies have investigated the associations between L1 methylation levels (or L1 activity) and cancer risk, progression, and prognosis, with a majority of them supporting correlations between tissue L1 hypomethylation and increased cancer risk or poor prognosis. 32, 33, [40] [41] [42] In people with CRC family history, for example, colonic L1 hypomethylation confers a higher CRC risk. 42 Another study 43 revealed that L1 hypomethylation in normal colon tissue predicts predisposition to multiple colonic tumors. In cervical carcinoma samples, L1 hypomethylation levels were found to be significantly higher than those of paracancerous tissues. 44 L1 hypomethylation has been reported to correlate with unfavorable prognosis of many cancers such as CRC, 45 hepatocellular carcinoma (HCC), 46 gastric cancer, 47 and esophageal cancer. 34 The result of a meta-analysis 48 also supports the correlation between L1 hypomethylation and poor prognosis of cancer patients.
However, controversies exist regarding L1 methylation status in peripheral blood of cancer patients and its prognostic implications. Compared with normal controls, L1 hypermethylation was observed in white blood cells of pancreatic, 49 epithelial ovarian, 50 and colorectal 51 cancer patients. As for melanoma 52 and HCC, 53 serum L1s were hypomethylated relative to normal controls. In a study comparing breast cancer patients and their unaffected sisters, no association between breast cancer and L1 methylation status of white blood cells was observed. 54 Whereas in a prospective study, women with lower L1 methylation levels in peripheral blood (whole blood samples were tested) were found to have an increased breast cancer risk. 41 Regarding gastric cancer, studies 55, 56 failed to observe a correlation between white blood cell L1 methylation status and cancer prognosis. These discrepancies may be rooted in differences in cancer type, study design, and blood components tested (whole blood, serum, or white blood cells). Further research is required to determine whether increases in L1 expression present in cancer are an effect of global hypomethylation or a cause of carcinogenesis. Indeed, further studies must also determine how L1 expression results in additional retrotransposition, and how correlated the increase in L1 expression and retrotransposition are with the pathogenesis of different types of cancer and their metastases.
FUNCTIONS OF L1S IN CANCER Retrotransposition-dependent functions
Target gene (in)activation. L1 insertions may alter targetgene expression levels, 35, 57 which are influenced by cell type 44 and the orientations of L1 insertion. 35, 58 It is reported that sense insertions are more likely to be disruptive, 35 possibly due to the fact that L1 sense strand contains more cryptic polyadenylation sites than antisense strand. 57 Generally speaking, L1 insertions are more likely to suppress than to activate target-gene expression. 35 L1 insertions can contribute to tumorigenesis by inactivating tumor suppressor genes (Figure 2a) or activating oncogenes (Figure 2b) .
A study on L1 retrotransposition in HCC, 59 for example, found that germ line L1 insertions into tumor suppressor gene MCC can suppress MCC expression and result in elevated β-catenin protein level (MCC is an upstream inhibitor of the Wnt/β-catenin pathway in HCC). Given the oncogenic role of the Wnt/β-catenin pathway in HCC, this study 59 suggests the possible involvement of L1 insertions in HCC predisposing mutations. This study 59 also observed a gene activation event induced by cancer-specific L1 insertion. This insertion increased the expression level of ST18 (suppression of tumorigenicity 18) gene that encodes a zinc-finger transcription factor, Review possibly through severing one of its enhancers that is otherwise bound by ST18 protein to exert negative self-regulation.
The promoters within L1 can provide an alternative start site for transcription of neighboring oncogenes (Figure 2b) , which is exemplified by L1 insertion-mediated gene activation of oncogene Met. In CRC and HCC, L1 insertion into the intronic region of MET (L1-MET) leads to elevated expression of MET. 38, 46 In CRC and associated liver metastasis tissue, the hypomethylation of L1 ASP within L1-MET is correlated with elevated MET expression. 38 In HCC, L1-MET was also identified and its hypomethylation was found to be correlated with elevated c-MET expression. 46 Chromosomal rearrangements and processed pseudogenes.
L1 insertions are capable of generating various forms of chromosomal rearrangements, such as genomic deletions, 60 duplications, 61 inversions, 61 or translocations. 37 During tumorigenesis, chromosomal rearrangements can give rise to oncogene duplications/activations, tumor suppressor deletions, or oncogenic fusion proteins. Given the importance of chromosomal rearrangements in cancer pathogenesis and the frequency of L1-induced chromosomal rearrangements, they constitute a potential contributor to tumorigenesis.
Han et al., 60 for example, identified 24 L1-mediated deletions in human genome since our divergence from our common ancestor with chimpanzees. In HeLa cells, artificially induced L1 retrotransposition gave rise to not only sequence deletions but also duplications and inversions. 61 When mature mRNAs are retrotranscribed and integrated into new loci by L1 retrotransposition machinery, they become processed (Figure 2d ). Pseudogenes were once regarded as nonfunctional "junk DNA. " Recently, however, emerging evidence has suggested that some of them might play multifaceted roles at DNA, RNA, or protein levels during tumorigenesis. 62 Therefore, L1-mediated pseudogene formations represent another layer of functionality of L1s in cancer. Cooke et al., 20 for example, studied somatic pseudogene profiles across 18 tumor types and reported that a substantial part of somatically acquired pseudogenes are generated by L1 retrotransposition during cancer development. Among the tumor types studied, 20 non-small cell lung cancer and CRC are two cancers in which somatic pseudogenes are most frequently identified, in line with previous reports 35, 37 that L1s are active in these two cancer types.
3′ Transduction. In some cases, sequence downstream of the 3′ end of L1s may be transcribed along with L1s and concomitantly retrotransposed into target sites, a process termed 3′ transduction (Figure 2c) .
In a recent study 37 profiling L1 retrotransposition events in 290 cancer samples from 244 patients across 12 tumor types, 24% of these events were accompanied by 3′ transductions, with half of them being orphan ones in which downstream sequences alone (without any accompanying L1 component) were mobilized by L1 retrotransposition machinery. The size of a transduced sequence ranges from less than 0.2 kb to approximately 12 kb, with the majority of them being less than 1 kb. In certain cancer types such as lung cancer, 3′ transduction represents a considerable form of genomic alterations. 37 These 3′ transductions can be regarded as a very small duplication of a segment of DNA, and therefore they have the potential to shuffle exons of genes. 63 The functional consequences of these 3′ transductions in cancer are interesting areas for further investigation.
Besides the aforementioned mechanisms, L1 can also mobilize other nonautonomous retrotransposons such as Alu and SVA, [14] [15] [16] potentially leading to additional genomic lesions that could function in tumorigenesis. We do not focus on this topic due to space limitations and the availability of recent reviews on Alu and SVA transposition. 14, 15 Retrotransposition-independent functions.
In addition to retrotransposition-dependent functions, L1s are capable of exerting many retrotransposition-independent impacts on gene expression through L1-derived regulatory RNAs, L1 chimeric transcripts (LCTs), or L1-mediated transcriptional interference. An excellent example of this comes from the participation of L1 in X chromosome inactivation during embryo development. 64 In a HepG2 cell line, 65 ectopic L1 expression resulted in detectable expression changes of 24 genes, with half of them being retrotransposition-independent.
L1-derived regulatory RNAs. As stated, dsRNAs derived from L1 sense and antisense RNAs can be processed by Dicer into endo-siRNAs that trigger the RNA interference mechanism and exert extensive epigenetic regulation. 19 Besides endosiRNAs, a small part of miRNAs and miRNA response elements in the 3′ UTRs of target genes were also reported to derive from L1s. 66 In addition, evidence 67 showed that L1-derived sequences exist within or nearby transcription start sites of many long noncoding (lnc)RNAs and participate in lncRNA expression and processing. miRNAs and lncRNAs may regulate gene expression directly or indirectly through competing endogenous RNA (ceRNA) networks. 68 In normal somatic cells, L1 retrotransposition is suppressed 22, 31 and L1 transcripts are degraded or processed into regulatory RNAs that maintain cell homeostasis, 19, 21, 24, 66, 67 whereas in cancer, one study found that L1 transcripts were potentially biased toward cDNA formation and retrotransposition, 69 leading to speculation that deregulated regulatory RNA networks may drive tumorigenesis.
L1 chimeric transcripts. In addition to these regulatory RNAs, L1s can regulate gene expression through LCTs, which are driven by promoters within 9 or outside 69 L1 sequences. A large LCT detected in breast and colon cancers, for example, is driven by the L1 antisense promoter and includes a portion of the TFPI-2 gene, a metastasis suppressor. 9 This LCT includes TFPI-2 antisense RNA, which can lead to epigenetic silence of TFPI-2 in a transgenic mouse embryonic stem cell model, 9 possibly through sense-antisense duplex formation that stalls TFPI-2 mRNA translation (Figure 2e, upper) . In human breast and colon cancer cell lines, the expression of this LCT was found to be associated with decreased TFPI-2 expression. 9 In hepatitis B virus-positive HCC tissues, Lau et al. 70 detected a 674 bp chimeric HBx-L1 transcript that is driven by viral HBx promoter and correlates with unfavorable prognosis of patients. Subsequent functional investigations revealed that HBx-L1 functions as an lncRNA to promote cell mobility in HCC cells through epithelial-to-mesenchymal transition and to promote chemical-induced hepatocarcinogenesis in a mouse model via activation of the Wnt/β-catenin pathway (Figure 2e, bottom) .
L1-mediated transcriptional interference. L1 sequences can interfere with host gene transcription in many ways. They may be able to, for example, slow RNA pol II elongation, dissociate it from the template, or induce premature termination of transcription. 71 They can also mediate transcriptional interference via alternative splicing. Different splicing variants (SVs) of the same gene may play different roles in physiological conditions as well as in cancer. An example comes from transcript factor KLF6 and its SVs. Wild-type KLF6 is generally regarded as an oncosuppressor, whereas KLF6 SV1 plays an oncogenic role in many cancers. 72 During tumorigenesis, RNA splicing may bias toward oncogenic SVs to support cancer initiation and progression. 73 Alternative splicing occurs in 95% of multi-exon genes 73 and, in a small minority of cases, may be influenced by L1, resulting in transcriptional interference. The L1 sequence contains polyadenylation sites as well as donor and acceptor splice sites that may induce novel alternative splicing via retention, exonization, or polyadenylation of the upstream intronic sequences. 57 These L1-induced SVs may occasionally generate novel protein isoforms with new functions, which may serve as a mutation reservoir for tumor evolution.
FUNCTIONS OF L1-ENCODED PROTEINS IN CANCER
Because L1 expression is apparently activated (or upregulated) in some cancers, the L1-encoded proteins are also detectable. 31 They may participate in tumorigenesis and their expression profiles can be of potential clinical significance. A study of breast cancer by Chen et al., 74 for example, revealed that the majority of invasive cancers expressed L1 proteins in the cytoplasm, with 28-31% of them showing nuclear expression. Moreover, patients with L1 nuclear expression suffered from more lymph node metastasis and worse prognosis relative to patients without. Given that nuclear ORF1p and ORF2p are building blocks for L1 retrotransposition, whether or not this prognostic association is attributable to retrotransposition-induced mutagenesis requires further investigation.
ORF1p
ORF1p is a 40 kDa protein with RNA-binding capacity. In a study encompassing 1,027 cancer samples across more than 20 cancer types, ORF1p were detectable in 47% of all cancer samples, especially in highly malignant samples, but rarely in earlystage cancers and absent from normal somatic tissues. 31 Among different cancer types, the frequencies of detectable ORF1p are different. This common yet cancer-specific expression profile of ORF1p warrants further investigation regarding whether it can be used to assist in cancer diagnosis in the future.
In an HCC cell line and xenograft mouse model, 75 overexpression and knockdown (by RNA interference) of ORF1p led to proproliferative and antiproliferative effects, respectively, suggesting an oncogenic role. Subsequent exploration of the mechanism revealed that ORF1p sequestrates cytoplasmic SMAD4, a transforming growth factor-β pathway regulator, and suppresses its translocation into the nucleus, where it functions as an oncosuppressor. Apart from suppressing oncosuppressors, ORF1p can also activate oncogenes. In a breast cancer cell line, 76 ORF1p promoted cell proliferation and invasion via enhancing ETS-1 transcriptional activity and thus increasing the expression of downstream oncogenes that regulate cancer invasion and metastasis. In a human CRC cell line and xenograft mouse model, 77 similar results were observed regarding the effects of ORF1p on cancer cell behaviors, ETS-1 transcriptional activity, and downstream gene expression. These examples demonstrate the potential oncogenic implications of ORF1p overexpression and indicate its possible use as a biomarker and as a future target for potential therapeutic agents.
ORF2p
ORF2p possesses endonuclease and RT activities, and thus is indispensable for L1 retrotransposition. In a transgenic mouse model of breast cancer, 33 ORF2p RT activity was detectable in the cytoplasm at an early tumor stage (preceding the detectability of conventional biomarkers of breast cancer) and accumulated in the nucleus during tumor progression. Additionally, two independent studies suggested that treatment with abacavir or efavirenz, two reverse-transcription inhibitors used in anti-HIV therapy, has anticancer effects in prostate 78 and breast cancer cells, 79 respectively. Moreover, treatment with efavirenz in breast cancer cells led to reprogramming of transcriptional profile such as downregulation of genes regulating cell proliferation, migration, and invasion. 79 Currently, efavirenz has been evaluated in clinical trial as a therapeutic agent for metastatic prostate cancer. 80 Although in general the trial failed to observe a statistically significant effect on the progression of prostate cancer, it suggested potential benefit in a small subgroup of patients with optimal plasma efavirenz concentration. 80 Both the presence of ORF2p RT in cancer cells and the possible anticancer effects of its inhibitors suggest that it may play an oncogenic role. As stated, many regulatory RNAs derive from L1 transcripts. L1 transcripts can either form dsRNAs, which are processed into miRNAs or siRNAs, or be reverse-transcribed into cDNA and undergo retrotransposition. Recent evidence 69 showed that ORF2p RT governs the balance between dsRNA formation and retrotransposition. In cancer, the balance is biased toward retrotransposition, potentially impairing regulatory RNA formation and meanwhile increasing retrotransposition-induced mutagenesis. Therefore, RT inhibition may represent a promising area for the development of anticancer strategies in the future.
PERSPECTIVES: ImPLICATIONS OF L1 ACTIVITY AND EXPRESSION IN CANCER DIAGNOSES AND POTENTIAL THERAPIES
Although mounting evidence supports that global hypomethylation involving L1 regions is an important cause of L1 reactivation in cancer, 37, 38, 59 upstream regulators of this activation remain elusive. Previous studies have suggested some of the upstream regulators, such as oxidative stress, 81,82 interleukin-6, 83 Rad21, 83 and p53 pathway. 31, 84 Oxidative stress can promote L1 hypomethylation and L1 expression in cancer cell lines, along with disrupted expression of genes involved in DNA repair. 81, 82 Additionally, some precancerous conditions, such as chronic inflammation, can stimulate oxidative stress. 85, 86 Therefore, oxidative stress-induced L1 activation might represent one of the mechanisms linking chronic inflammation and tumorigenesis, which deserves further investigation. Conversely, hypoxia and inflammation in the malignant microenvironment can induce oxidative stress that may stimulate L1 expression. In other words, oxidative stress-induced L1 expression might lie in both upstream and downstream of malignant transformation. Interleukin-6 is an important participant and mediator of chronic inflammation. One study 83 in a cell line of oral squamous cell carcinoma revealed that interleukin-6 can induce L1 hypomethylation, suggesting that chronic inflammation preceding and during tumorigenicity may provide a permissive or supporting environment for L1 reactivation. Rad21 is a member of the cohesin family, which is activated by the Wnt/β-catenin pathway. In human CRC cell lines, 87 L1 was found to be activated by Rad21, leading to speculation that L1 activation might be linked to the oncogenic Wnt/β-catenin pathway. Associations between p53 deficiency and L1 expression or hypomethylation were observed in multiple cancers. 31, 84 The mechanisms underlying these associations are still elusive. One possible explanation is that L1-induced genomic lesions trigger p53-mediated responses to arrest the growth or to induce the apoptosis of L1-expressing cells, whereas p53 deficiency increases the viability of L1-expressing cells by circumventing these responses.
Although an increasing body of work is being generated on L1 expression and increased retrotransposition, our current knowledge on the regulations of L1 hypomethylation and activation are still in its infancy. We do not know which among the L1 retrotransposition events that occurred preceding and during tumorigenesis are causes and which are consequences of malignant transformation. We are not clear about to what extent those cancer-related L1s affect tumorigenesis processes and how exactly they are activated. Addressing these questions can stimulate exploration of methods to specifically inhibit the activity of driver L1s, whose mutagenesis can contribute to changes affecting cancer initiation and progression, or conversely, methods to activate L1s to induce genomic lesions to kill cancer cells.
Although the implications of L1 as a therapeutic target are poorly understood, L1 expression may serve as a promising biomarker for cancer diagnosis, subtyping, and reclassification. A recent study, for example, observed that the methylation levels of L1 declined in a stepwise manner in normal endometrium, endometriotic ovarian cysts, ovarian endometrioid adenocarcinoma, and ovarian clear cell carcinoma, thus holding diagnostic potentials. 88 Cancer subtyping and reclassification can provide custom-designed diagnosis and guide individualized therapy. Hoadley et al., 89 for example, reclassified 3,527 cancer samples (across 12 tissue-of-origin cancer types) into 11 new types based on six kinds of multi-omic data (including exon, copy number variation, DNA methylation, miRNA, mRNA, and protein) and found that these new types are capable of providing independent prognostic power. As stated, L1 activity profiles differ among and within cancer types 32, 35 and fluctuate during cancer evolution. [32] [33] [34] 37 Although these fluctuations might be to some extent due to variation in the cohort of polymorphic L1s present within a given genome, the activity profiles of L1 still warrant further investigation for potential use as a biomarker. Moreover, L1 components, such as L1-derived transcripts ORF1p and ORF2p, all show some extent of cancer-specific expression profiles. 31, 74 Further research is required to clarify L1 activity profiles preceding and during cancer initiation and evolution, as well as in response to cancer therapy.
CONCLUDING REmARKS
In conclusion, L1 retrotransposition, a process active during embryogenesis but epigenetically repressed in normal somatic tissues, is reactivated in cancer, causing genomic lesions and epigenetic alterations. L1 expression correlates with tumorigenesis in some cancers and may contribute to the process of transformation in a minority of cases. Moreover, previous studies 32, 33, 35, 37, 38 in a small number of cancer types have shown that L1 activity and expression differ among and within cancer types and may fluctuate during cancer evolution, suggesting its potential as a cancer biomarker. Future study is still required to illustrate why L1 activity and expression are deregulated in cancer and how they contribute to tumorigenesis.
DISCLAIMER
Owing to space limitations, some references have regrettably been omitted, particularly those reporting findings for which no or little controversy exists.
